Turbine vanes and blades are generally manufactured as single or double airfoil sections that must each be installed onto a turbine disk. Between each section, a gap at the endwalls through the blade passage is present, through which high pressure coolant is leaked. Furthermore, sections can become misaligned due to thermal expansion or centrifugal forces. Flow and heat transfer around the gap is complicated due to the interaction of the mainstream and the leakage flow. An experimental and computational study was undertaken to determine the physics of the leakage flow interaction for a realistic turbine blade endwall, and assess whether steady RANS CFD, commonly used for non-axisymmetric endwall design, can be used to accurately model this interaction. Computational models were compared against experimental observations of endwall heat transfer on a contoured endwall with a midpassage gap. Endwall heat transfer coefficients were determined experimentally by using infrared thermography to capture spatially-resolved surface temperatures on a uniform heat flux surface (heater) attached to the endwall. Predictions and measurements both indicated an increase in endwall heat transfer with increasing gap leakage flow, although the distribution of heat transfer coefficients along the gap was not well captured by CFD. A misalignment of the blade endwall causing a forward-facing step for the near-endwall flow resulted in a large highly turbulent recirculation region downstream of the step and high local heat transfer that was overpredicted by CFD. Conversely, a backward-facing step reduced turbulence and local heat transfer. The misprediction of local heat transfer around the gap is thought to be caused by unsteady interaction of the passage secondary flow and gap leakage flow, which cannot be well-captured by a steady RANS approach.
INTRODUCTION
The design of turbine blade endwalls in modern high temperature gas turbines is an optimization of both aerodynamic and heat transfer performance. Three-dimensional (non-axisymmetric) modifications to the endwall shape which reduce secondary flow vortical structures in the blade passage can improve turbine aerodynamic efficiency, but can also create regions of high heat transfer on the endwall which require cooling in order to ensure part durability. To cool the endwall, as well as ensure that no hot gas enters into gaps between the blades, air from the compressor is diverted around the combustor and injected through the gaps and through film cooling holes. This leakage air is provided at a penalty to the overall power generation of the turbine.
Design of non-axisymmetric contoured endwalls is often done using steady RANS CFD models, which run many geometric configurations of the endwall in order to find an optimum. However, this method generally does not consider the interface gap between adjacent turbine blade endwalls in the blade passage, referred to as a midpassage gap in this study. Previous studies of midpassage gaps have shown that it has a significant effect on aerodynamic performance and endwall heat transfer, even without leakage flow [1, 2] . Further, during operation, it is not uncommon for misalignment of adjacent turbine blade endwalls to occur, and the localized effect of such misalignments are not well understood. As endwall design tools mature, they will start to account for these realistic effects, but it is currently not clear whether RANS-based CFD can capture these effects accurately, or even on a trend-wise basis.
The objective of this study was to utilize RANS-based modeling to predict the effect of the midpassage gap on endwall heat transfer and compare with observed experimental data for identical computational and experimental geometries and inlet conditions. The influence of gap leakage flow is compared for aligned blade endwalls, and the effect of vertical (radial) misalignment of 3% of the blade axial chord is also compared. In addition, the computed flowfield was used to correlate regions of high endwall heat transfer predicted by CFD with regions of separated flow around the midpassage gap, in an 
RELEVANT PAST STUDIES
A common flow phenomenon in turbomachines that contributes to reduced aerodynamic performance and component durability is known as endwall secondary flow. Secondary flows develop from the horseshoe vortex generated by the incoming boundary layer separation upstream of the blade, and because of flow turning in the blade passage that acts to skew the endwall boundary layer. Minimization of these secondary flow features has often been accomplished using three-dimensionally contoured endwall designs based on computational shape optimization. Many studies have focused on aerodynamic optimization (reduced exit flow angle deviation [3, 4] , or reduced total pressure loss [5, 6] ). Endwall heat transfer performance has also been considered as a driving metric [7, 8] . In most cases, experiments indicate that an aerodynamically optimized endwall also has improved heat transfer performance ( [7, 9] ). Many other studies have demonstrated the effectiveness of contouring in rig and engine environments (e.g., [10, 11] ). However, many of the aforementioned studies consider idealized endwall conditions-both upstream of the blade passage and within it.
More recent work has indicated the importance of considering realistic leakage features on endwall contouring design, but has focused on the stator-rotor interface region (known as the rim seal). Schobeiri et al. [12] found that rim seal leakage significantly altered the endwall secondary flow, and an endwall contour designed without considering that effect resulted in decreased film cooling coverage relative to the baseline. Schuepbach et al. [13] and Regina et al. [14] also found that non-axisymmetric contouring could result in a larger rate of aerodynamic performance degradation with increasing purge flow, relative to a baseline flat endwall. However, the endwall contour designed by Jenny et al. [15] reduced the rate of performance degradation. Clearly, the true environment of the endwall is important to consider.
Another significant leakage feature is the midpassage gap between adjacent blades on a wheel. Several studies have quantified its impact on overall aerodynamic performance and endwall heat transfer, but little has been done to understand the local flowfield around the gap. Reid et al. [1] concluded that the presence of a midpassage gap, even without net leakage flow, led to a significant stage efficiency penalty. Lynch et al. [16] showed a large increase in blade secondary flow loss for a gap, relative to a smooth wall. Cardwell et al. [17] , Hada and Thole [18] , and Lynch and Thole [2, 19] all indicated from surface measurements or local velocity predictions that the gap leakage flow is strongly ejected from the gap at the throat of the passage, where the static pressure is lowest. Although this ejected fluid can locally increase heat transfer significantly (>200% relative to the upstream endwall), it is also a source of cooling air. A series of studies with realistic endwall conditions and endwall contouring in a transonic facility by Jain et al. [20] and Roy et al. [21] also concluded that a majority of the gap leakage flow was located near the throat, and that a contoured endwall improved coolant distribution relative to a flat endwall.
In an engine, individual components can become misaligned due to assembly tolerances or differential thermal growth, and the endwall secondary flow can encounter forwardor backward-facing steps. Chyu and Bunker [22] studied a simplified version of this by measuring heat transfer around a slot perpendicular to the main flow. Downstream endwall heat transfer was increased by leakage flow rate and misalignment of the upstream and downstream surfaces. Piggush and Simon [23] observed larger overall heat transfer on turbine vane endwalls for a forward misalignment (forward-facing step to the local flow), and reduced heat transfer for a backward misalignment, relative to an aligned endwall. Cardwell et al. [17] and Hada and Thole [18] indicated significantly improved cooling on a vane suction side endwall for a backward-facing step misalignment, due to coolant filling the region behind the backward step. However, very few studies consider how the flowfield around the step relates to the surface measurements, and to the authors' knowledge, no experimental measurements of the near-wall gap flowfield currently exist in the literature.
The intent of this study is to understand the effect of gap leakage flow and vertical (radial) endwall misalignment on the heat transfer for a turbine blade with realistic endwall features, through comparisons of experimental measurements and computational predictions. Steady RANS calculations typical of contouring design tools are used to benchmark the accuracy of heat transfer predictions and provide some insight to the flowfield around the midpassage gap. The experiments and computations are performed in a low-speed cascade simulating the blade reference frame for maximum measurement resolution. It should be noted that unsteady stage calculations by Chilla et al. [24] indicate that isolating the blade reference frame is sufficient to capture the important dynamics of leakage flow/gas path interactions. Furthermore, Popovic et al. [25] also indicate that compressibility effects on leakage/gas path interactions are mostly insignificant for regions upstream of a passage shock, so the use of a low-speed cascade is reasonable to understand physics that are relevant to the engine.
EXPERIMENTAL METHODOLOGY
Heat transfer measurements were conducted on a scaled up turbine blade test section in a large-scale low-speed recirculating wind tunnel, described in Lynch and Thole [19] and depicted in Figure 1 . Geometry and flow conditions were determined by matching Reynolds number based on blade chord length with that of engine conditions. Some flow in the wind tunnel was diverted into an upper bypass channel far upstream of the cascade and extracted by a blower so that it could be sent to plenums underneath the rim seal inlet and midpassage gap inlets, feeding these cascade leakage features. The leakage air was kept to a temperature of within 0.5°C of the mainstream temperature (density ratio of 1.0) using heat exchangers.
The blade cascade contained six blades based on a highpressure turbine airfoil geometry also studied by MacIsaac et al. [26] and Lynch et al. [16, 19, 27] . Table 1 lists the geometric details of the cascade. The incoming turbulent boundary layer was measured with a laser Doppler velocimeter at a point 5Cax upstream of the cascade, on the bottom endwall. The turbulent boundary layer parameters are also listed in Table 1 . A turbulence grid located 16Cax upstream of the center blade of the cascade resulted in a freestream turbulence level of 6% at the boundary layer measurement location. This value of freestream turbulence falls within the range expected for first stage turbine blades produced by the combustor section, as reported by numerous previous studies, such as those by Bunker [28] , Arts et al [29] , and Giel et al [30] , in which turbine blade relevant freestream turbulence ranges from 1% to 12%. The endwall overlap between the stationary vane and rotating blade rows was simulated as shown in Figure 2 and described by Lynch et al. [16, 19, 27] . The blade endwall extended upstream of the blade leading edge and below the nominal endwall height, resulting in a cavity referred to as a rim cavity in this study. Rim seal leakage flow was simulated by a leakage feature placed upstream of the cascade at the base of the rim cavity. To better simulate engine conditions, rim seal leakage flow was simulated as swirled relative to the blade by the inclusion of internal turning vanes. For this study, the turning vanes imparted a tangential velocity in the leakage flow that would be equivalent to 90% of the hub wheel speed at the nominal net mass flow ratio of 0.75% MFR. The rim seal leakage condition was kept constant in this study. A non-axisymmetric contoured endwall, designed using the methodology described by Praisner et al. [5] , was employed in the passage of the cascade (see Figure 3 ). The contour in this study was designed for the nominal rim seal leakage conditions described above, although the midpassage gap was not included in the original optimization.
Midpassage gaps were included in the endwall of every blade passage except between blades 1 and 2, where the gap would pass below the outer airfoil tailboard. The geometry of the midpassage gap is depicted in Figure 3a . A thin strip seal was attached to the underside of the platform gap, as shown in Figure 3b , to simulate the effect of a similar component found in the engine which limits leakage flow into and out of the gap. Platform gap leakage flow was isolated from the rim seal leakage flow to enable independent control. Net leakage mass flow was supplied to individual plenums located under the test section. Total mass flow supplied to all four gap plenums was measured with a laminar flow element. Valves were used to split the flow evenly among the four plenums, as determined by equalizing the pressures in each of the plenums. Net gap leakage flowrates are reported in this paper as a percentage of a single blade passage mass flow rate, and range from 0% to 0.6%, where the 0% net flow was achieved by closing a valve in the supply line for each gap plenum.
The effect of vertical misalignment of adjacent endwalls was tested in the cascade for the platforms attached to blades 3 and 4 (center blades). Misalignment was achieved by lowering the center blade platforms by 0.03Cax ( Figure 4 ). This resulted in a backward-facing step for flow entering the blade cascade, as well as for secondary flow sweeping from the pressure to suction side of the passage between blades 2 and 3. Note that the secondary flow in the passage between blades 4 and 5 experiences a forward-facing step for this misalignment. As indicated in Figure 4b , the seal strips underneath the platform gaps were tilted to simulate the effect of centrifugal forces in the rotor that would force the strip to conform to the upper wall of the platform gap cavity.
Heat transfer coefficients were determined by using infrared thermography to capture spatially-resolved surface temperatures on a uniform heat flux surface (heater) attached to the endwall. Details of the technique for this geometry are given by Lynch and Thole [19] , and are briefly described here. Uniform heat flux was accomplished by using a specially designed serpentine pattern electrical circuit heater with a thin layer of copper bonded to the top surface. Sufficient time was allowed for the heater surface to come to thermal equilibrium before measurements were taken. The heater surface was specially designed to conform to the non-axisymmetric endwall. The heater was attached to a thin plastic layer (for strong adhesion), which was then bonded to an insulating foam endwall. Conductive losses were estimated locally to be less than 1.5% of the total heat flux. Radiative losses were also estimated locally to be less than 15%, assuming that the surroundings behaved as a blackbody at the freestream temperature of 295 K. Local loss corrections were highest in regions of high endwall temperatures (~315 K). At each sample location in the cascade, five IR camera images (camera resolution 1.4 pixels/mm) were obtained, and the averaged result was calibrated to thermocouples embedded in the endwall underneath the heaters. The reference temperature used to define the heat transfer coefficient (Tin) was determined as the average of the measured freestream temperature, the rim seal plenum temperature, and the gap supply line temperature immediately upstream of the gap plenums. Uncertainty was estimated using the partial derivative method (Moffat [28] ). Measurement of surface temperature with the infrared camera was the largest source of error. Bias and precision uncertainties for that parameter were 0.8°C and 0.3°C, respectively. Total uncertainty in the heat transfer coefficient, based on a 95% confidence interval, was 7.0% at a value of Nu=300.
COMPUTATIONAL METHODOLOGY
The computational model was based on the study of Lynch and Thole [19] . Endwall contour and blade geometry was identically matched to the experimental models, including the geometry of the midpassage gap. The midpassage gap was fed from a plenum matching the dimensions of the experiment, and a strip seal of identical width and thickness to that used in the experiment was included beneath the midpassage gap in the plenum, with the same wall spacing as in the experiments. For aligned endwall cases, a single blade passage was modeled, with periodic side boundaries aligned with the midpassage gap and located along the center of the gap (see Figure 5 ). For the misaligned case, four blade passages were modeled, with periodic side boundaries running through the center of the midpassage gap on the sides of the domain (between blades 1 and 2, and between blades 5 and 6). The two center blades were misaligned downward by 0.03Cax, as shown in Figure 4 . A distance of approximately 5Cax upstream of the blade passage was modeled to place the inlet boundary of the computational domain at the same distance from the blade passage as the experimental measurements of the incoming boundary layer, described in the previous section. The outflow of the domain was located approximately 1.5Cax downstream of the blade trailing edge.
Meshes were constructed for the aligned and misaligned cases using the commercial grid generation and simulation software STAR-CCM. The freestream domain consisted of tetrahedral cells, with prism cell layers on the endwall, midpassage gap walls, rim seal inlet surfaces, and airfoil surfaces (see Figure 6 ). The prism layer growth rate from the wall was 1.25 with an initial cell size sufficient to ensure that y + values were less than 1 everywhere on all surfaces of interest.
To simulate the uniform surface heat flux condition in the experimental studies, a uniform heat flux boundary condition was applied to the blade endwall surface in the computational study. Adiabatic boundary conditions were applied to the turbine blade surfaces, since those were unheated in the experiment. For the inlet boundary upstream of the blade cascade, a boundary layer profile was generated using the boundary layer code TEXSTAN and was matched with experimental measurements of velocity and freestream turbulence taken upstream of the blade cascade. The rim seal and midpasssage gap plenum inlets were given uniform velocity conditions that corresponded to the desired net mass flow rate. The rim seal inlet was given a uniform velocity condition corresponding to 0.75% of mass flow rate at the main inlet boundary, and instead of modeling the turning vanes, an angled velocity inlet condition was provided to simulate the swirl effect. The midpassage gap plenum inlets were given velocities corresponding to 0%, 0.3%, and 0.6% of mass flow rate at the main inlet boundary, each run as a separate case.
Simulations were run using the commercial computational fluid dynamics software FLUENT, which solved the pressurebased formulation of the steady RANS equations, turbulence closure equations, and energy equation for each case. Second order discretization of all variables was used. For closure of the RANS equations, two turbulence models -the SST k-omega turbulence model and realizable k-epsilon turbulence modelwere used due to previous history of reasonable agreement with experimental measurements for turbomachinery applications [29] [30] [31] . Identical grids were used for both turbulence models and enhanced wall treatment was used with the k-epsilon model in place of wall functions to better utilize fine cell density near the surfaces of interest. Convergence was achieved when all normalized residuals had reached values of 10 -4 or lower and when the mean variation in area average Nusselt number on the endwall over 500 iterations was less than 0.2%, and mean variation in area average pressure on the outlet boundary over 500 iterations was less than 0.2%.
Grid independence was determined by refining the mesh relative to the nominal mesh cell count of 8.7*10⁶ for the aligned study. Two refinement cases were constructed; one with global refinement of all domain cells (1.01*10⁷ cells) and one with local refinement on the midpassage gap and contoured endwall surfaces (1.32*10⁷ cells). Local refinement was done by reducing surface cell area by a factor of 4 on the midpassage gap walls and endwall surfaces, as well as reducing the growth rate of cells from these surfaces of interest. For both cases, the difference in area average Nusselt number was less than 1% between the nominal and refined cases. The cell density of the nominal case was deemed sufficiently dense to accurately capture the flow near the endwall. The larger misaligned simulation (containing 4 endwalls) used the same cell density on all surfaces as the nominal mesh from the aligned study.
Computational predictions of midspan blade pressure profiles were benchmarked against experimental measurements. Figure 7 shows the predicted blade loading around the airfoil at midspan for the aligned endwall geometry.
This figure indicates good agreement for the 3D prediction (based on the 0% gap flow case), relative to the previous 2D predictions and measurements of Lynch et al. [16] for the same geometry. Note that the 3D CFD predicts slightly higher loading on the aft suction side, likely due to the effect of secondary flow development and rim seal leakage massflow introduced to the passage that causes a slight acceleration of the flow through the cascade.
RESULTS AND DISCUSSION
Computational predictions of Nusselt number on aligned contoured endwalls using steady state RANS modeling are compared to experimentally observed values presented in Lynch and Thole [19] . A comparison is made for midpassage gap leakage mass flow rates of 0%, 0.3%, and 0.6% of the main inlet flow rate. Computational predictions of the effect of misalignment on endwall Nusselt number are also compared to experimental data of the same, obtained for this study. For both geometries, the flowfield predicted by steady state RANSbased modeling is used to attempt to explain trends in the computationally and experimentally observed endwall heat transfer behavior. Figure 8 shows the comparison of measured and predicted endwall Nusselt number for aligned endwalls with varying midpassage gap net leakage flow rates. As described previously by Lynch and Thole [19] , the region upstream of the blade has low heat transfer levels due to the rim cavity recirculation vortex (the flowfield is discussed later). Heat transfer is also low near the blade pressure side where the new endwall boundary layer is starting in that region. The suction side region experiences high heat transfer levels, especially toward the aft part of the passage where the gap disturbs the endwall secondary flow. For both k-omega SST and realizable k-epsilon predictions, predicted endwall Nu for a given net gap leakage in Figure 8 agrees well with the experiments in some regions, such as near the pressure side of the blade and around the leading edge on the suction side. High heat transfer levels adjacent to the gap on the forward pressure side of the gap, as seen in the experimental measurements (Figure 8a) , are captured by the k-omega SST model, although the size of this region is underpredicted. In other regions, however, both RANS turbulence models predict Nu values significantly higher or lower than the experiment. Both k-omega SST and realizable kepsilon underpredict the heat transfer in the rim cavity region for all cases of gap leakage flow. Further, both models show a similar pattern of low Nu streaks in the rim cavity that extend along the forward pressure side of the gap. As shown later, this pattern corresponds to the mean position of the rim seal recirculation vortex and the beginnings of the passage vortex. However, in the experiment, it is likely that these features are unsteady and wander around.
Effect of Midpassage Gap Leakage for Aligned Endwalls
Both turbulence models also underpredict heat transfer in the more critical region adjacent to the gap on the aft suction side endwall. For the k-omega SST model, discrete streaks of high Nu are predicted on the aft suction side endwall for cases with leakage flow from the midpassage gap that are not seen in the experiment. The realizable k-epsilon model seems to predict a realistic distribution of heat transfer on the aft suction side endwall for the case of 0.3% MFR leakage flow out of the gap, but begins to show similar streaking patterns for 0.6% MFR gap leakage flow, and significantly underpredicts endwall heat transfer in this region for the case of no leakage flow (0% MFR). Likely there is unsteady flow occurring around the aft suction side of the gap that is not adequately captured by a steady RANS approach.
The effect of increasing net gap leakage flow is to locally increase heat transfer on the aft suction side platform, although increases beyond 0.3% gap flow only modestly affect the endwall Nu. The CFD exhibits the same trend, with both turbulence models indicating higher Nu as gap flowrate is increased, although the Nu distribution is not as dispersed as in the experiment.
Endwall Nu numbers are extracted along an inviscid streamline traveling through the blade passage (obtained from CFD at midspan, see inset in figure) and are plotted as a function of non-dimensional X-coordinate along the streamline in Figure 9 for both turbulence models. Discontinuities in the line plots are where the streamline passes over the midpassage gap. As can be seen in the figure, the regions of greatest disagreement between measured and predicted heat transfer occur upstream of the blade and at the locations where the main flow crosses over the gap (X/Cax=0, 0.9). In these locations, CFD underpredicts heat transfer, which suggests that these regions of significant separation and reattachment are not well captured. Elsewhere along the streamline, the agreement is very good between experiments and predictions. In particular, for leakage flow cases, k-epsilon matches well with the Figure 10 presents the percent increase in area-averaged heat transfer for increasing net gap flow, relative to the 0% gap case, over an entire blade endwall (see inset). Both CFD and experimental measurements predict an increase in endwall heat transfer with the inclusion of leakage flow through the gap, and the predicted increase is reasonably captured by the CFD, especially for k-epsilon model. However, as Figures 8 and 9 indicate, the localized distribution of heat transfer on the endwall is not well predicted by k-omega SST, and is better predicted by k-epsilon realizable, but only for 0.3% MFR gap flow. It is important to understand where the models provide reasonable estimates of Nu, since that information is important to a designer considering cooling schemes for the endwall. Both Lynch and Thole [19] and Roy et al. [21] indicate that gap leakage increases local heat transfer coefficients relative to no flow, but also provides significant cool air to the aft suction side region and generally results in lower heat flux.
Effect of Misalignment on Endwall Heat Transfer
The effect of vertical (radial) misalignment of endwalls is also considered in this study, for a single experimental case with gap leakage flowrate of 0.3% (recall rim seal leakage flowrate is constant for all cases at 0.75%), and for computational cases of 0% and 0.3% gap leakage flow rate. Figure 11 shows contours of Nu for four blade endwalls in the cascade for 0.3% gap flow (nominal case), and Figure 12 shows the predictions for 0% gap flow (no experimental result was obtained for this condition). As described previously, the center blades (3 and 4) are misaligned downward by 0.03Cax, and are indicated by "Down" on Figure 11 . For flow passing through the throat of the blade passages, the misalignment results in a backwardfacing step around the gap between blades 2 and 3, and results in a forward-facing step between blades 4 and 5 (see Figure 4) . For the experimental measurements in Figure 11 , there is virtually no impact of the misalignment on the forward portion of the passage, since the rim cavity flowfield dominates here. Note that the misalignment effectively increases the rim seal leakage flow area upstream of the misaligned endwalls, but this appears to have no measurable effect on periodicity due to the dominant effect of the rim cavity recirculation vortex.
From the experimental measurements in Figure 11a , the effect of a backward-facing step appears to be a slight reduction in heat transfer on the aft suction side of the gap region, relative to the aligned case (see Figure 8) . In contrast, the region around the forward-facing step between blades 4 and 5 shows higher levels of heat transfer on the downstream endwall (blade 5 aft suction side), relative to the aligned case. This is consistent with the study by Chyu et al. [22] , who studied a two-dimensional Averaging area misaligned gap and also found reduced heat transfer on the downstream endwall for a backward step, but increased heat transfer for a forward step. The RANS predictions in Figure 11 demonstrate many of the same trends as the experiment. The prediction of endwall Nu for the forward portion of the blade passage is generally not affected by the small misalignment. Along the aft suction side of the endwall, the predictions also generally indicate that a backward facing step reduces heat transfer and a forward facing step increases it relative to an aligned endwall. However, the komega SST model still predicts streaks of high heat transfer around the gap, rather than the more distributed high Nu values seen in the experiment. Only the forward-facing misalignment in Figure 11b shows a broadened distribution of high Nu values along the aft suction side endwall. Unlike for aligned endwalls, the realizable k-epsilon model also poorly predicts the distribution of heat transfer on the suction side endwall with misalignment, as seen in Figure 11c , showing streaks of heat transfer more similar to k-omega SST rather than concentrated heat transfer near the gap edge. This suggests realizable kepsilon may be overpredicting the separation of leakage and freestream flow at the gap edge under misalignment conditions, where separation is likely to be more significant simply due to geometry.
Other interesting phenomena are visible in the k-omega SST predictions in Figure 11b . For the forward facing step (between blades 4 and 5), there is a band of low heat transfer along the aft pressure side near the gap, which appears to be due to the forced change of trajectory of the endwall secondary flow that is caused by the blockage of the forward step. In contrast, no such band of low heat transfer is seen in the passage between blades 2 and 3 (along the backward facing step), nor in the realizable k-epsilon predictions. Also, the island of high Nu downstream of the blade 3 trailing edge (aligned platforms) in Figure 11c is mostly eliminated when examining the region downstream of the forward-facing step misalignment (downstream of blade 4 trailing edge). This is probably due to a change in the near-endwall blade wake due to the blockage of the forward step.
The effect of no net leakage flow in Figure 12 can be contrasted to the nominal cases shown in Figure 11 . Comparing the values and distributions of Nusselt number, it can be seen that the distribution pattern of Nusselt number contours remains similar with and without leakage flow for both turbulence models in Figures 11 and 12 . The effect of positive net leakage flow in Figure 11 appears to be to increase the value of Nusselt number while maintaining a similar pattern of distribution as in Figure 12 . This suggests that the geometry of misalignment is a more dominat effect on Nusselt number distribution than leakage flow rate, which serves primarily to amplify the existing Nusselt number levels.
Percent change in area-averaged Nu from aligned to misaligned endwalls for 0.3% gap flow (nominal condition) is shown in Figure 13 transfer, on an area-average basis the predictions do well in capturing the trend of decrease in heat transfer from the backward facing misalignment on the blade 3 endwall and increase in heat transfer from the forward facing misalignment on the blade 5 endwall. For backward misalignment, k-omega SST model well predicts the magnitude of area average heat transfer, whereas for forward misalignment, realizable kepsilon model makes a more accurate prediction. This may be a result of the different physics that occur for the different step types. Specifically, the Reynolds shear stress is negative in a region very near the top of the forward facing step [32, 33] , whereas it is only positive in the recirculation region downstream of a backward step [34] . Sherry et al. [33] also note that the recirculation downstream of a backward step is subject to instabilities due to minimal flow deflection, while a forward facing step recirculation is more stable due to larger streamline deflection.
Analysis of Computationally Predicted Flowfield
Although the RANS predictions do not capture details of the endwall heat transfer exactly, the trends are reasonably close such that the predicted flowfields can be useful to understand the physics of flow around the rim cavity and midpassage gap. Figure 14 shows isosurfaces of q-criterion computed for the 0.3% gap flow aligned endwall case with both the k-omega SST and the k-epsilon turbulence models. The q-criterion is defined as the second invariant of the velocity gradient tensor, and can be written as the difference between the square of the vorticity magnitude and the strain-rate magnitude (Hunt et al. [35] , see Nomenclature for equation). Surfaces where q>0 are associated with regions of the flow that are swirling (i.e, a vortex). In Figure 14 , the isolevels of q-criterion were nearly the same for both simulations but were slightly adjusted so that the size of the rim cavity recirculation vortex feature was the same between model predictions, so that other resolved vortex features could be compared on a relative basis.
In Figure 14 , the isosurfaces clearly indicate the large rim cavity recirculation vortex that results in low heat transfer on the upstream endwall (refer to Figure 8 ). The two ends of this vortex turn into the blade passage near the suction side, and merge to become the passage vortex which hugs the suction side of the airfoil and causes a long streak of high heat transfer on the middle suction side endwall. Two smaller vortex structures are present along the aft suction side gap, where the leakage flow is strongly ejected from the gap. These structures correspond to the streaky pattern of high heat transfer on the aft suction side endwall predicted by the k-omega model in Figure  8 for the 0.3% gap leakage flow case (as well as the 0.6% flow case).
The realizable k-epsilon prediction also indicates the large rim cavity recirculation vortex, which indicates this is a dominant flow feature of this endwall geometry. However, the realizable k-epsilon model does not indicate as many finer vortex structures as the k-omega model, and fewer streak-like structures around the aft suction side gap region. This reduced level of discrete vortical structures results in a smoother distribution of heat transfer and a better match to the experiment on the aft suction side.
As suggested earlier, the vortical structures are likely unsteady and contribute to high turbulence levels particularly around the aft suction side gap region. Figure 15 presents contours of normalized turbulent kinetic energy in the flowfield for k-omega SST and k epsilon realizable models, for a Y-Z plane (perpendicular to the X-direction) at 77% of the axial chord from the blade leading edge (see inset). In-plane velocity vectors are also included to show the flow direction around the gap, and contours of endwall Nu are included to link the TKE with the endwall heat transfer. For each of the cases in Figure  15 , there is a large elliptical region of moderate TKE, which is associated with the passage vortex ( Figure 14) above the endwall. In the case of the k-epsilon realizable model, this passage vortex region is predicted to have much higher TKE than the k-omega SST model predicts. There is also a region of high TKE near the endwall downstream of the gap for both models, which is related to the interaction of the mainstream and gap leakage flow. Figure 15a shows that for k-omega SST model, the backward facing misalignment has the lowest levels of TKE and the lowest local levels of heat transfer downstream of the gap, whereas the forward facing misalignment has the highest levels. For k-epsilon model, the difference in TKE near the wall is much less between misalignment cases, with the smallest region corresponding to no misalignment. Further, the vectors for both case indicate that gap flow strongly separates from the top of the forward facing step as it exits, and reattaches to the endwall a short distance from the gap, causing the predicted regions of high heat transfer. Obviously this configuration is most detrimental and should be avoided if possible. It should be reiterated that there are no published measurements of the flowfield around the midpassage gap region to verify the predictive accuracy; however, it seems that even a small misalignment can have a significant localized impact.
CONCLUSIONS
Steady RANS predictions of the effect of midpassage gap leakage flow were compared to experimental measurements taken by Lynch and Thole [19] . Also, the effect of vertical (radial) misalignment was computed and compared to experimental measurements.
For matching geometry and inlet and leakage flow conditions, CFD accurately predicted the trend of increased area-averaged Nusselt number on the endwall with increasing leakage flow rate through the midpassage gap using both k- omega SST and realizable k-epsilon turbulence models. Furthermore, predictions of local endwall heat transfer for varying leakage flow rates agreed well with measured values for some regions of the flow, such as on the forward pressure side of the airfoil, or on the suction side of the blade near the airfoil leading edge. However, predictions of local heat transfer were poor in the critical region adjacent to the aft suction side edge of the midpassage gap, where k-omega SST consistently underpredicted high Nu levels distributed along the gap edge, and instead predicted isolated streaks of high heat transfer. The realizable k-epsilon model has greater success in predicting heat transfer distribution for leakage flow cases, but fails to predict heat transfer distribution near the gap edge for no leakage flow, and predicts some streaks similar to k-omega SST for high flow rate. Flow visualization from the k-omega SST case indicated that large vortex structures were responsible for the streaky endwall heat transfer predictions. For misaligned endwalls, the predictions also captured the trend of reduced endwall heat transfer for a backward facing step misalignment relative to an aligned endwall, on an areaaverage basis. The effect of a forward facing step misalignment was overpredicted, however. The predicted flowfield indicated high levels of TKE on the downstream side of the gap that were worsened for a forward facing step, relative to an aligned endwall or backward facing step.
It is believed that the interaction of the blade passage secondary flow and gap leakage flow may be highly unsteady in nature, particularly in the rim seal cavity and along the aft suction side of the blade airfoil where the strong vortical features were seen in the predicted flowfield. Further, based on the strong effect of vortex structures on endwall heat transfer and on the fact that both turbulence models seem to converge to similar behavior with forward misalignment and increased gap leakage flow, it seems likely that both turbulence models overpredict separation of leakage flow from the endwall surface to some degree on the aft suction side of the midpassage gap. Of the two models examined, k-omega SST seems to more frequently overpredict separation. This is probably the primary reason for the discrepancy in the predicted versus measured contours of Nu along the aft gap suction side region. Unfortunately, detailed measurements of the flow field near the gap edge do not yet exist for comparison to the predicted flowfields. There is thus a need to obtain detailed near-gap flowfield measurements to benchmark computational accuracy.
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